Background: Ceramic femoral heads produce less wear of the opposing polyethylene than do metal femoral heads in
Special Surgery hip scores (and standard deviation) in the ceramic and metal groups were 39 ± 4 and 40 ± 3 at the time of final follow-up. The University of California Los Angeles activity score at the time of the final follow-up was 6 ± 2 for both groups. The mean wear rates for the ceramic group and the metal group were 0.086 ± 0.05 mm/yr and 0.137 ± 0.05 mm/yr, respectively (p = 0.0015). There was one reoperation in the ceramic group because of distal femoral osteolysis. There were three failures in the metal group, requiring isolated liner exchange in two hips and revision of the acetabular component in one hip because of wear-induced osteolysis and/or loosening that caused symptoms. Five hips in the ceramic group and six hips in the metal group had radiographic evidence of acetabular or femoral osteolysis, but none were symptomatic.
Conclusions: Ceramic femoral heads produced significantly less wear on conventional polyethylene liners at the time of long-term follow-up than did metal heads in this matched-pair analysis of young and active patients with uncemented fixation.
Level of Evidence: Therapeutic Level III. See Instructions for Authors for a complete description of levels of evidence.
W ear-related failures are one of the leading causes of revision total hip arthroplasty 1, 2 . Ceramic femoral heads were introduced as potentially superior material compared with metal femoral heads 3 . Ceramic femoral heads are more scratch-resistant, have superior wettability, and are chemically inert with enhanced biocompatibility 4, 5 . Alumina ceramic coupled with conventional ultra-high molecular weight polyethylene (UHMWPE) has been used in total hip arthroplasty since the 1970s 4 . Although the introduction of the new generation of ceramic composites (BIOLOX delta; CeramTec, Plochingen, Germany) has greatly reduced the risk of fracture and further increased the use of ceramic femoral heads 4 , this study is focused on the first generation of alumina ceramic heads.
Despite the convincing evidence of decreased wear of ceramic femoral heads against UHMWPE in the laboratory compared with metal femoral heads 5-7 , we are not aware of any long-term clinical studies comparing the two in the setting of uncemented implant fixation. To our knowledge, this is the first long-term comparative in vivo wear analysis of ceramic and metal femoral heads against UHMWPE in young, active patients with uncemented total hip replacements. Our hypothesis was that ceramic femoral heads would have lower wear rates, improved clinical outcomes, and better survivorship.
Materials and Methods

F
rom 1989 to 1992, ceramic femoral heads on polyethylene and metal femoral heads on polyethylene were randomly used in uncemented total hip arthroplasties for active patients under the age of sixty-five years. During that period, ninety-one alumina ceramic femoral heads (CeramTec) and 157 cobaltchromium metal heads (DePuy, Warsaw, Indiana), all 28 mm in diameter, were implanted and followed prospectively for a minimum of fifteen years. Of this cohort, thirty-one pairs of alumina ceramic and metal femoral heads (in fortynine patients) were matched on the basis of age (within two years), sex, body weight (within 5 lb [2.25 kg]), diagnosis, and activity level (within a 1-point difference on the activity score of the University of California Los Angeles [UCLA] scoring system). All patients were selected from a prospective institutional database. There were no significant differences between these matched pairs.
There were thirty-seven men and twelve women. The average duration of follow-up was 17 ± 1.7 years (range, fifteen to twenty years). The mean age was 55 ± 9 years (range, twenty-three to sixty-five years) at the time of surgery. Thirteen patients had bilateral total hip arthroplasty. Five patients with bilateral total hip arthroplasty had a ceramic femoral head on one side and a metal femoral head on the other side, which were matched to one another. The remaining eight patients with bilateral total hip arthroplasty had a ceramic femoral head (two patients) on both sides or metal bearings (six patients) on both sides. One surgeon (C.S.R.) performed all procedures via a posterolateral surgical approach. All femoral components were uncemented RanawatBurstein stems (RB; Biomet, Warsaw, Indiana). Acetabular components were Harris-Galante II (HG II, Zimmer, Warsaw, Indiana) until May 1991, and Ranawat-Burstein RingLoc (Biomet) after that time. Both types of acetabular Revision or reoperation for osteolysis and/or loosening* 1 † 3 ‡ 0.6 *Although the difference was not significant, there were more revisions in the metal group. †Reoperation. ‡Revisions.
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UHMWPE liners were ram-extruded and machined using GUR 4150 resin and sterilized in argon gas. The Hospital for Special Surgery (HSS) hip score and the UCLA activity score were used for clinical analysis. Anteroposterior and lateral hip radiographs were assessed for any evidence of periprosthetic osteolysis and/or loosening 8, 9 .
The acetabular cup anteversion and inclination angles were measured on the latest follow-up pelvic images using EBRA software (Einzel-Bild-RoentgenAnalysis; University of Innsbruck, Innsbruck, Austria) 10 . Wear measurements were performed on the initial anteroposterior pelvic radiographs at a minimum of one year after the index procedure, to eliminate the effect of the bedding-in period 7 , and at the time of the latest follow-up. Two independent observers (M.M. and G.G.K.) analyzed polyethylene wear using the computer-assisted Roman software (version 1.70), which uses a concentric circles technique developed by Livermore et al.
11
. In patients with a revision, the wear rates were calculated from radiographs made just prior to revision surgery.
Statistical Methods
A paired Student t test was performed to analyze the statistical differences in continuous data between the ceramic and metal groups. To account for the cluster effect in five patients with bilateral total hip replacements (one side with ceramic and one side with metal components), a linear mixed-effect model with a random effect for person was used to allow two wear rates of the same patients to be correlated with each other. Interobserver reliability of the two observers was evaluated using a one-way random intraclass correlation coefficient. Two-tailed p values of <0.05 were considered significant.
Source of Funding
No external funding was received for this study.
Results
N
o significant difference was detected between the mean preoperative or postoperative HSS and UCLA scores in the ceramic and metal groups ( Table I ). The mean acetabular cup anteversion and inclination angles in both groups were within the safe zone with no significant difference (Table II) . However, the mean wear rate (and standard deviation) was 0.086 ± 0.05 mm/yr for the ceramic group, which was significantly less than that in the metal group (0.137 ± 0.05 mm/yr; p = 0.0015) when adjusted for the random effect of 
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LONG-TERM P E R F O R M A N C E O F CERAMIC A N D METAL F E M O R A L HEADS O N CONVENTIONAL P O LY E T H Y L E N E
patients with bilateral total hip replacements. Interobserver reliability was 0.75 (95% confidence interval [CI], 0.63 to 0.84). There were no revisions in the ceramic group for osteolysis and/or loosening; however, one patient required a prophylactic strut graft for femoral osteolysis that was distal to the tip of the implant. This distal osteolysis was due to the noncircumferential proximal porous coating of the stem. Five hips in the ceramic group had radiographic evidence of acetabular or femoral osteolysis, none of which was symptomatic (Table II) .
There were three failures in the metal group, requiring revisions for symptomatic loosening due to wear-induced osteolysis. Of the three revisions, two were isolated liner exchanges and one was an acetabular component revision. Six hips in the metal group had radiographic evidence of acetabular or femoral osteolysis, but none were symptomatic.
The wear analysis in the subgroup of five patients with bilateral total hip arthroplasty, with a ceramic femoral head on one side and a metal femoral head on the other, demonstrated a significantly higher mean wear rate on the metal side compared with the ceramic side (Table III) . Two of these patients had revision of the metal side for wear and osteolysis (Figs. 1-A and  1-B) .
Discussion
C eramic femoral heads are more scratch-resistant with better wettability and improved wear characteristics compared with metal femoral heads in the laboratory setting 3, 5, 6 . A hip simulator in vitro study using a serum-based solution showed substantial reduction in polyethylene wear of up to fourfold in ceramic heads compared with metal heads 5 . Although studies have shown very low wear rates of ceramic on UHMWPE compared with historical reports of metal on UHMWPE [12] [13] [14] [15] [16] , there is no long-term head-to-head clinical comparison of the two. Moreover, there are several confounding factors such as type of fixation (cemented versus press-fit components), design of the acetabular cup (modular versus all-polyethylene shells), properties of the polyethylene (UHMWPE or highly cross-linked polyethylene [HCLPE]), and various head sizes. The aim of the present study was to avoid these confounding factors by using a matched-pair wear analysis and comparative radiographic assessment of ceramic and metal femoral heads on UHMWPE in uncemented total hip replacements in young, active patients at a minimum of fifteen years of follow-up.
The mean ceramic wear rate in this study was 0.086 mm/yr, which is below the 0.1 mm/yr threshold for osteolysis 1, 12, 13 . Moreover, the ceramic wear rates were significantly less than that for the metal control group (0.137 mm/yr), with a 37% decrease in wear for alumina heads compared with the metal control group. These findings are consistent with other published studies 5, 13, [17] [18] [19] [20] [21] . Kim at al. 20 reported average wear of 0.07 mm/yr in 114 uncemented hips utilizing 28-mm alumina heads against UHMWPE. The ten-year survivorship in that study was 97.8% for the osteonecrosis cohort, with a mean age of fifty-one years. Similarly, Zichner and Willert 22 reported linear wear rates of <0.1 mm/yr in 63% of ceramic heads compared with 26.8% of metal heads. Hernigou and Bahrami also reported better volumetric wear data for 32-mm alumina heads than for 32-mm metal heads 21 . In a recent Norwegian registry study of metal-backed acetabular components with UHMWPE, metal heads had a higher relative risk of revision (hazard ratio, 1.8) than alumina heads at twenty years of follow-up 15 . In our cohort, radiographic osteolysis was more prevalent in the metal-on-polyethylene group, and was consistent with the rates of 5% to 24% that have been reported in other studies [23] [24] [25] . The results for ceramic femoral heads in young patients with cemented cups showed higher wear rates and lower survival rates than those for uncemented cups 14, 26 . Haraguchi et al.
14 reported a mean wear rate of 0.15 mm/yr and fifteenyear survivorship of 75.3% ± 10.2% for alumina ceramic heads against ethylene oxide gas-sterilized polyethylene in cemented total hip replacement. Similarly, Hasegawa et al. 26 , in a retrospective case series of ceramic-on-polyethylene articulations in young patients (mean age, fifty-four years), reported mean wear rates of 0.1 mm/yr and ten-year acetabular component survival of 75%. Urban et al. 4 reported a mean wear rate of 0.034 mm/yr for cemented total hip replacements with 32-mm alumina heads at a minimum of seventeen years.
The use of HCLPE and ceramic heads is increasing. Short-term to mid-term clinical results of HCLPE are equal to or better than those for UHMWPE 12, [27] [28] [29] [30] [31] , with an 87% lower risk of osteolysis 32 . Wroblewski et al. reported low wear rates, ranging from 0.022 to 0.019 mm/yr, in a long-term follow-up study of cemented total hip replacements with 22-mm alumina heads articulating against chemically cross-linked polyethylene 19 . Kim et al. showed that mean wear rates for 28-mm alumina heads on HCLPE were 0.05 ± 0.2 mm/yr in a young cohort of patients with osteonecrosis 33 . The main strengths of this study include the matchedpair and long-term follow-up of ceramic-on-polyethylene and metal-on-polyethylene components in young and active patients. All patients were randomly selected to receive ceramic or metal femoral heads. All procedures were done by a single surgeon by means of one approach, using the same femoral component, 28-mm femoral heads, and uncemented acetabular components. The weakness of this study is the relatively small number of patients. However, they were matched on the basis of several parameters and the numbers were sufficient to reach significance. Although two types of acetabular components were used during the study period, both polyethylene liners were UHMWPE with similar properties 34, 35 . In conclusion, the results of this matched-pair analysis of young and active patients who were followed for a mean duration of seventeen years confirm the findings of previous short-term studies in which ceramic femoral heads were found to impart a clinical advantage over metal components, with lower rates of wear and subsequent osteolysis and/or loosening. It remains to be seen whether the longevity of newer ceramics and highly cross-linked polyethylene will match the clinical performance of first-generation ceramic femoral heads on UHMWPE. n
